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Abstract 

Low dimensional material shows unique properties as compared to their 3D counterpart, making 

them extremely fascinating to study. Since 2004 when graphene was first exfoliated by Andre 

Geim and Konstantin Novoselov, the field of 2d van der Waals material bloomed. 2d van der 

Waals material contains wide range material such as metals, insulators, semiconductors, 

superconductors and topological materials. After 2016, researchers’ interest in 2D magnets 

increased as they can used as multifunctional material with wide range of phenomena and 

promising candidate for next generation information technology. The recent discovery of 2D 

magnetic ordering in CrI3, Cr2Ge2Te6, VSe2 and Fe3GeTe2 has stimulated to expand the scope of 

2D magnets. 

In this thesis we will discuss two such material which are antiferromagnetic in nature. MnPS3 is 

antiferromagnetic semiconductor with wide band gap of 2.64 eV and Neel temperature 78 K. 

CrSBr is an antiferromagnetic semiconductor with band gap of 1.5 eV and Neel temperature 132 

K.  

In the first part of the thesis, both MnPS3 and CrSBr were characterized using an Optical 

microscope, atomic force microscopy, and Raman Spectroscopy. Raman mode found for MnPS3: 

275 cm-1 and 383 cm-1 and CrSBr: 114 cm-1, 244 cm-1, 344 cm-1showing comparing vibrational 

modes in two different samples. HR-TEM and elemental mapping of CrSBr shows Cr and S have 

a lower atomic concentration than that of bromine. In second part , Low-temperature STM 

measurements were performed on a CrSBr single crystal at 77K in the antiferromagnetic phase to 

understand its electronic correlation. Then, an investigation of intrinsic defects was performed and 

tried to understand the role played in electron doping. A general trend of valence band upward 

shift was observed in those defect regions giving a clear indication of an increase in charge carrier 

density. MnPS3 thin flakes color on SiO2/Si was quantified showing quasi-periodic oscillatory 

behavior. The optical absorbance spectra were taken at room temperature for thin flakes to 

understand the light-matter interaction. An optical band gap of 2.7eV was observed in all the 

flakes. 

Keywords: 2D magnetism, Anti-ferromagnetic 
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Chapter 1 Introduction 

1.1 Background 

Throughout human history, our innate curiosity has driven us to explore the mysteries of the 

universe and understand its inner workings. From the primal instincts of early humans to the 

sophisticated inquiries of modern civilization, there has been an enduring fascination with 

unraveling the fundamental principles that govern our reality. This pursuit of knowledge has given 

rise to the discipline of science, a systematic endeavor to observe, record, and explain natural 

phenomena through experimentation and theoretical frameworks. At the heart of scientific inquiry 

lies physics, the branch of science concerned with the nature and properties of matter, energy, 

space-time, and the fundamental forces that shape the universe. 

Since antiquity, humans have sought to harness the properties of materials for practical purposes, 

leading to the categorization of historical epochs based on dominant material usage, such as the 

Stone Age, Bronze Age, and Iron Age. In the modern era, characterized by the proliferation of 

information technology, our daily lives are permeated by gadgets and devices that rely on the 

electronic, magnetic, and optical properties of matter. This intersection of physics and materials 

science has given rise to the field of condensed matter physics, a cornerstone of modern scientific 

research. 

Condensed matter physics encompasses the study of phenomena arising from the collective 

behavior of particles in condensed phases, such as solids and liquids. From the enigmatic quantum 

Hall effect to the marvel of superconductivity and the intricacies of ferromagnetism, condensed 

matter physics elucidates a diverse array of emergent and exotic phenomena. Theoretical insights 

and experimental breakthroughs in this field have revolutionized our understanding of complex 

systems and paved the way for the development of groundbreaking technologies, from 

smartphones to quantum computers. 

At the forefront of condensed matter physics research lies a focus on nanoscale phenomena, 

cryogenic temperatures, and ultra-high vacuum environments. By probing the behavior of matter 

at these extremes, scientists push the boundaries of our understanding and unlock new possibilities 

for technological innovation. From manipulating individual atoms to engineering materials with 

tailored properties, the exploration of condensed matter physics at the nanoscale holds promise for 

transformative advancements in fields ranging from electronics to medicine. 

In summary, condensed matter physics stands as a testament to humanity's relentless quest for 

knowledge and innovation. By delving into the intricacies of matter and its interactions, 

researchers continue to unravel the mysteries of the universe and chart new frontiers in science 

and technology. 
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1.2 2D materials  

1.2.1 From 3D to the 2D world 

We perceive physical objects in our daily lives as three-dimensional because all matter has a fixed 

volume that can be specified using three different coordinate systems. In addition, we also see 2D 

objects as still images from movies or pictures.  

 

 

 

 

 

 

The importance of this dimensional aspect lies in its capacity to reveal newly identified 

extraordinary phenomena in quasi-2D materials with thicknesses extending up to a nanometer, 

phenomena absent in their 3D equivalents. Low-dimensional materials showcase unique optical, 

mechanical, magnetic, and electrical characteristics, rendering them compelling subjects for 

investigation(1). Moreover, owing to their reduced size, they present ideal candidates for 

semiconductor chip fabrication and advancements in nanotechnology. 

1.2.2 2D van der Waals Materials  

Layered materials that have strong intra-layer bonding and weak (van der Waals) interlayer 

bonding are called van der Waals (vdW) materials. They are used to obtain two-dimensional (2D) 

materials, which are a few nanometers in thickness. 

 

2D materials can be made using a top-down approach like exfoliation or a bottom-up approach 

like chemical vapor deposition. 2D materials have novel properties than their 3D counterparts, 

such as high carrier mobility, good thermal conductivity, and high flexibility. These interesting 

properties of 2D materials make them a promising candidate for constructing various electronic, 

Figure 1.1 : Schematic diagram of 3D bulk 

material and Quasi 2D material 
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valley-tronic, and optoelectronic nano-devices.(2) Since the exfoliation of graphene (graphite 

mono-layer) in 2004 using scotch tape, the interest in studying these 2D van der-waal materials 

has bloomed. These materials provide a great flexibility in tuning physical and chemical properties 

of the material by engineering defects, twist, ion intercalation, substitution, gating, inducing 

proximity effects and strain etc. 

1.3 2D Magnets and related emergent phenomena’s 

Magnetism is most common phenomena that is observed in nature that originates from motion of 

electrons in matter. The spin and orbital angular momentum of electrons couples with nucleus 

magnetic moment giving rising to magnetism. Magnetism is essentially at low temperature 

phenomena where thermal fluctuation is not strong enough to destroy spin alignment.(3,4) 

After 2016, 2D magnets have become an emerging field of research to study the quantum hall 

effect, giant magnetoresistance, spin polarisation, etc. the most fundamental phenomenon that is 

in play is exchange interaction and spin-orbit coupling (SOC). 

 

The essence of magnetism research lies in understanding the interplay between exchange 

interaction, spin-orbit coupling, and the Zeeman effect. These factors collectively account for the 

organization of spins, orbital moments, and magneto-crystalline anisotropy, as well as the 

influence of external fields on these properties. At the heart of this study are interatomic or 

interelectronic exchange interactions, which underpin the phenomenon of long-range magnetic 

ordering. Such ordering manifests in the form of parallel and antiparallel spin arrangements, 

characterizing ferromagnetic (FM) and antiferromagnetic (AFM) orders respectively, over 

extended distances.  

 

As dimensional size decreases, there is generally a rise in the magnetic moment per atom. This 

increase can be explained by factors such as reduced coordination number, the quantum 

confinement effect, and decreased quenching of the orbital magnetic moment. Compared to 3D 

magnetic system, the decrease in spatial dimension cause significant thermal fluctuations in 2D 

magnetic system resulting more complex magnetic system. Based on the magnetic ions' type and 

electronic band structures, various traditional exchange mechanisms, such as: - 



17 
 

• Direct-exchange interaction (5) 

• Super-exchange interaction  

• Double exchange interaction 

• Itinerant electrons (STONER MODEL)  

• Ruderman-Kittel-Kasuya-Yosida (RKKY) mechanisms 

are all found in various 2D systems, in addition three novel and intriguing exchange interaction 

mechanism have also been identified: - 

• Super-Exchange interaction  

• Extended - Exchange Interaction 

•  Multi-intermediate Exchange Interaction 

According to the Mermin-Wagner theorem(6), two-dimensional (2D) magnetic systems cannot 

exhibit long-range ferromagnetic (FM) or antiferromagnetic (AFM) ordering at T > 0K for the 

isotropic Heisenberg model. However, magnetism persists due to factors such as magneto-

crystalline anisotropy and dipolar interaction. Despite these interactions having relatively low 

strengths, typically around 1meV, they play a crucial role in 2D materials by disrupting the 

conditions set by the Mermin-Wagner theorem.(7–10) 

Emergent phenomena such Quantum Hall effect(11), Kondo effect, Topological spin textures 

(Skyrmions), Topological defects such as change from surface states to edge states are found in 

2D Magnets.(12) 

  

 

 

 

 

 

Figure 1.2: Schematic diagram of Quantum 

Hall effect  
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1.4 Outline of thesis 

The thesis is written in a way so as to incorporate an overview of the methods followed for various 

types of experiments which will be helpful for students and researchers new in the field. I have 

tried my best to keep the language as simple as possible and get technical wherever necessary.  

Chapter 2 gives information regarding the class material being studied in this thesis. Description 

regarding sample MnPS3 and CrSBr and Motivation regarding the experiment. Chapter 3 

contains the working principle of Scanning Tunneling Microscope and Atomic force 

microscope.  Chapter 4 is based on Characterization of the sample using Optical Microscope, 

Atomic force Microscopy and Raman Spectroscopy and HR-TEM. Chapter 5 discuss about 

LT-UHV STM and Instruments. Chapter 6 discuss on STM experiment done on CrSBr and 

defect probing. In Chapter 7, obtained UV-VIS optical response of material MnPS3 using 

reflectance and transmittance setup and calculated optical band gap at room temperature. Chapter 

8 discusses the summary of the thesis and future plans. 
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Chapter 2 About Material: MnPS3 and CrSBr 

2.1 MnPS3 

Since its synthesis by Barry E. Taylor in 1973(13), this vdW material has been widely studied in 

most areas, from intercalation, substitution, ferroelectricity, and Heisenberg anti-ferromagnetism 

to the fabrication of dilute magnetic semiconductors. This material belongs to the one least 

explored vdW family of material that is of transition-metal phosphorus tri-sulfides (MPX3) in its 

2-dimensional regime. 

In 2015, Xiong et al.(14) initially observed thermochemically fabricated 2D sheets of FePS3 and 

MnPS3 within the MPS3 family, ultimately achieving monolayer FePS3. Shortly thereafter, bulk 

materials of NiPS3 and MnPS3 were also mechanically exfoliated into 2D nanoflakes in laboratory 

environments. Consequently, it is reasonable to explore the magnetic characteristics of these 

materials as well as other stable MPS3 systems at the monolayer threshold. 

 

 

 

 

 

 

 

MnPS3 have Type II Heisenberg Neel anti-ferromagnetically (Mn atoms are anti-ferromagnetically 

coupled with neighbor Mn atoms within the layer and inter-layer ferromagnetic coupled with Mn 

atoms) order below the Neel temperature (TN) at zero field, which is approximately 78 K, (with 

the spins of the manganese atoms ordering within individual layers and pointing nearly 

perpendicularly to them due to an easy-axis out-of-plane anisotropy along c axis). It has a 

yellowish-green color as shown figure 2.2.(15–18) 

Table 2.1: Magnetic properties of MPS3 Family – Left column shows the different MPS3 

material composition and right column shows the magnetic properties the material 
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The top and side view of MnPS3 is shown in figure (2.1). Each unit cell of MPS3 is composed of 

two Mn cations and one [P2S6]4–
 cluster. The Mn atoms are surrounded by six S atoms, while the 

P atoms are surrounded by three S atoms and one P atom, resulting in the formation of a [P2S6]
4– 

anion, which adopts a 2D honeycomb structure. Due to the presence of surface S atoms, MPS3 

layers display significant van der Waals characteristics, facilitating easy exfoliation from the bulk 

phase. A unit cell possessing lattice parameters typical of MnPS3, with dimensions a = 6.07 Å, b 

= 10.524 Å, c = 6.796 Å, and an angle β = 107.35o. Hence, the c-axis is not quite parallel to the z-

direction. 

MnPS3 is a semiconductor with a high band gap of 2.64eV. It has been found that the Magnetic 

properties of MnPS3 persist to a monolayer of thickness 0.67 nm. It has a high spin flop field of 5T 

(perpendicular magnetic field is applied), shows 100% magneto-resistance in monolayer, and 

decreases as layer number increases(19). The anti-ferromagnetic nature of the material is probed 

using temperature-dependent Raman spectroscopy(20). Pressure-induced insulator-to-metal 

transition with an additional decrease in direct band gap and color of the flake was observed. 

MnPS3 shows no PL signal at room temperature but a PL signal of 940 nm is observed at low 

temperature(21). Bulk MnPS3 has refractive index of 2.41 but complex refractive index of few 

layers MnPS3 is still unknown. (22) 

Figure 2.1: Crystal Structure of MnPS3. (a) Side view of the unit cell of MnPS3 .(b) Top 

view of unit cell of MnPS3 
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Various hetero-structures using MnPS3 have been studied. The transition temperature of MnPS3 

was determined using Gr/MnPS3/Gr tunneling current. An Interfacial AFM/FM hetero-structure 

was studied using FGT/MnPS3 showing anti-symmetric magneto-resistance.(23–26) 

 

 

 

 

 

2.2 CrSBr 

One of the newly emerging vdW materials that has the potential to be used in applications such as 

spintronics and to study fundamental physics such as 2D anti-ferromagnetism is CrSBr. First 

synthesized by H. Katsher in 1966(27), the material remained highly unexplored until 2019. Due 

to its high resistance to degradation to air and low dimensional magnetism, it became a fascinating 

material to explore. 

  

 

 

 

 

 

 

CrSBr has orthorhombic structure with Pmmn space group as shown in figure 2.3. The structure 

consists of monolayers composed of CrSBr, which is bonded by van der Waals interaction along 

the c-axis. The monolayer comprised of edge sharing [CrS4Br2] octahedral units, with an 

Figure2.2: Bulk crystal of MnPS3 

Figure 2.3: Shows the crystal structure of CrSBr (a) Top view (b) and (c) Side view 
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underlying squared lattice arrangement of Cr (III) cations. The reported data suggest that the lattice 

parameter of a = 3.5 Å, b = 4.7 Å and c = 7.9 Å. The chemical bonding along the basal directions 

involves Cr-(S, Br)-Cr paths along the a-axis with a cation-anion-cation angle of α= 95o and β 

=90o.(28) 

CrSBr is an A-type anti-ferromagnetic semiconductor with a bulk direct band-gap of 

approximately 1.5 eV, Neel temperature of 132 K, and Curie temperature of 150 K. The Cr 

magnetic ions are interlayered antiferromagnetic coupled while in in-plane there is ferromagnetic 

coupling. It has average sheet resistance Rs = 240 ± 60 KΩ at room temperature. Magnetic property 

measurements suggest that the b-axis is the magnetic easy axis (Hsf = 0.35 T), the c-axis is the 

magnetic hard axis (Hsf = 2 T), and the a-axis is the magnetic intermediate axis (Hsf = 1 T). 

Magneto-resistance measurement shows large negative MRR below TN up to maximum of   

-29.3%, -39,2% and -32.7% along a, b and c axes respectively. (29) 

Previously reported data of STS on CrSBr shows semiconductor band gap of approximately 1.5 ± 

0.2 eV with Fermi level near conduction band suggesting CrSBr sample is unintentionally electron 

doped due intrinsic Br vacancy. It has also been reported that it has high effective mass anisotropy 

me
X /me

Y ~ 50 (x and y refers to a and b direction respectively). Conductance along both a and b 

direction increases linearly temperature up to maximum at 80 K and then decreases to saturate at 

room temperature.  Conductance ratio (σb/σa) was found to be order 102 (no bias applied to 

material) and 105 (positive bias applied to material) suggesting quasi 1D electronic transport in 2D 

semiconductor.(29–31) 

 

2.3 Motivation 

This thesis is motivated to understand 2D magnets (mainly 2D antiferromagnets) which would 

help make both magneto-optical device and nano-spintronics devices.  

MnPS3 is a layered antiferromagnetic semiconductor material with band gap 2.64eV. It’s intralayer 

Mn atoms ate anti-ferromagnetically coupled and interlayer ferromagnetically coupled.  MnPS3 

showcases a captivating optical phenomenon, revealing a broad spectrum of colors attributed to 

thin film interference of its thin nanoflakes. This distinctive characteristic distinguishes MnPS3 



23 
 

from conventional semiconductors, hinting at its potential for groundbreaking applications in 

optics and beyond. Intrigued by this unique property, this thesis endeavors to delve into the 

underlying optical behavior of MnPS3, particularly by focusing on the determination of the 

complex refractive index of few-layer samples. By unraveling the intricacies of light-matter 

interactions within MnPS3, especially in its paramagnetic phase at room temperature, this research 

not only seeks to enhance our fundamental understanding of this material but also aims to pave the 

way for the development of innovative magneto-optical devices. 

Another antiferromagnetic material, CrSBr which is a semiconductor with band gap 1.5 eV was 

also explored in this thesis. In contrast to the previous sample, the presence of intra-layer 

ferromagnetism and interlayer anti-ferromagnetism renders it the most suitable specimen for 

comparison with MnPS3.  Renowned for its strong 2D electronic anisotropy, CrSBr presents a 

compelling subject for studying localized electronic behavior and defects. Utilizing scanning 

tunneling microscopy (STM) measurements conducted at 77 K, this research delves into the 

electronic behavior and defects within CrSBr. This investigation aims to elucidate the changes in 

the local density of states around defects and determine the band gap in the defect region. 

Understanding these phenomena at a microscopic level not only advances our fundamental 

understanding of this material but also holds promise for the development of novel magnetic and 

electronic devices. 
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Chapter 3 Scanning Probe microscopy 

In scanning probe microscopy, a branch of microscopy, a sample's surface is scanned at the nano 

scale to create an image. This is accomplished using a physical probe that interacts with the sample, 

scans its surface, and gathers data typically obtained as a 2D grid of data points and displayed on 

a computer screen. Various probe microscopy techniques are used to obtain topography (the image 

of the sample) of different types of samples, such as conducting, non-conducting, and 

biomolecules. The basic idea behind SPM is to raster scan the sample's surface using a sharp tip 

to provide the topography line by line. 

3.1 Scanning Tunneling Microscopy (STM) 

Scanning Tunneling Microscope (STM) is an instrument that is used to get the imaging of the 

conducting samples at the atomic level. The instrument can produce a picture of a sample with a 

resolution of 1 ̊A and a precision of approximately 10-9 times its size. The instrument can produce 

a picture of a sample with a resolution of 1 ̊A and a precision of approximately 10-9 times its size. 

 

  

 

 

 

 

 

 
 
A steady power source is connected to the STM setup's system, which includes a metal tip and the 

sample surface as shown in figure (3.1). The system operates using the tunneling principle of 

quantum mechanics. The tip is made to apply a slight voltage bias to the sample with respect to 

the tip, allowing for the detection of tunneling current when it approaches the surface of the sample 

Figure 3.1 Schematic Diagram of STM 
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at a specific distance. The tip is fixed on piezoelectric material, which uses a feedback loop to 

maintain both the tip and the sample distance.  

 

The configuration of this setup is such that, during scanning in the x-y plane, any change in the 

surface height and density of states will be detected by the change in current value. Generally, a 

0.1 Å variation in the tip and sample distance results in a 20% change in tunneling current.(32) 

 

STM generally have two modes: 

1. Constant Height mode 

2. Constant Current mode 

Constant Height mode: In this scanning mode, the height of the tip over the surface stays constant 

while the current varies along the x-y plane of scanning to maintain the constant height. This kind 

of scanning mode produces a picture based on surface current variations that are connected to 

the density of states. Figure (3.2 a) 

Constant Current Mode: The height changes in this scanning mode to maintain a steady current. 

By adjusting the Z-piezo height continuously, the feedback loop helps maintain a constant current 

by providing a topography of the integrated density of states throughout the sample. Figure (3.2 b) 

 

 

 

 

 

 

Figure 3.2: (a) STM operating at constant height mode (b) STM operating at constant current mode 

a) b) 
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3.2 Quantum Tunneling 

A particle needs enough energy or greater than the potential barrier in the classical regime to be 

able to pass through it. But in quantum regime, even if the particle energy is less than that of 

potential barrier there exist a non-zero probability that the particle can enter and pass through the 

classical forbidden regime. This phenomenon is known as ‘Quantum mechanical Tunneling’. 

 
.  

 

 

 

 

 

 

 

 

 

Figure (3.3 a) shows the wavefunction of the electron and probability amplitude decreases passing 

through the potential barrier (classical forbidden region) ,  but the energy energy assosciated with 

the wavefunction remain constant. In the case of the STM, the gap between the tip and the sample 

act as  forbidden regime which is vaccum and electrons tunnels through it giving tunneling 

current.The energy of the electrons after they pass through determines the value of current. 

Tunneling current falls when the barrier gap rises and vice versa. 

The electron in the solid occupies the highest energy level known as the Fermi level with energy 

E =Eparticle.  However, the energy of the electron at the Fermi level is lesser than that of the vacuum. 

The exponential decay of wave function of the electron inside the gap is given by: 

 

The above equation is a solution of Schrodinger equation.  (32) 

Figure 3.3: (a) 1D schematic diagram of Quantum tunneling of electrons through potential barrier 

of gap d units. (b)  Working Principle for Scanning tunneling Spectroscopy  
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3.3 Bardeen theory of Tunneling 

Quantum Tunneling is a fundamental phenomenon in Quantum mechanics. 

According to Bardeen, the tunneling current is the result of numerous separate 

scattering events working together to move electrons across the tunneling barrier. 

Bardeen’s first-order perturbation theory is used in solids and STM. 

 

Bardeen demonstrated that by possessing sufficient understanding of the electronic properties 

of both the sample and the tip, it becomes feasible to estimate the rates of individual scattering 

occurrences during electron tunneling. This analysis leads to the formulation of an expression 

for the tunneling current, which is determined as the product of the electron charge (e) and 

the net rate of electron transfer between the tip and the sample. Assumption is taken into 

account in Bardeen’s theory as follows: 

• tip and sample state are nearly orthogonal. 

• tunneling is weak enough for first-order perturbation. 

• The occupation probabilities for both the tip and sample remain unchanged and 

independent of each other throughout the tunneling process. 

• the electron-electron interaction can be neglected. 

• the tip and sample are in electrochemical equilibrium with respect to each other. 

Bardeen showed this by calculating the tunneling current between two 

electrodes A and B. when the electrodes A and B are far apart, the wave function 

of each satisfies the Schrodinger equation for free electrode: 

 

 

 

U = UA is the potential for the electrode A and the stationary wave functions:  

 

U = UB is the potential for the electrode B and the stationary wave functions: 
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Spatial wave function and energy eigenvalues satisfying: 

 

 

where i is either A or B. 

When we bring two electrodes close enough so that an electron can tunnel from one to the other, 

the wavefunctions of the two electrodes will decay into the vacuum,  

 

 

By assuming an ansatz for the above expression: 

 

 

The tunneling Matrix element Mµν  

Using the tunneling matrix we can find out the tunneling current (I) and the tunneling Conductance 

(G)  

 

 

where Go = 77.48 µS which is quantum conductance. 
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3.4 Tunneling Spectroscopy 

Tunneling Current at the bias Voltage V is the summation of all the relevant states present at that 

energy level. At finite temperature, electrons will follow the Fermi distribution and give tunneling 

current expression: 

 

 

The tunneling current I is directly proportional to the integral of the density of states (DOS) from 

Fermi level to eV, which can be expressed by taking the derivative of DOS of the sample (ρs) at 

given eV as : 

 

Scanning tunneling spectroscopy (STS) provides information regarding the density of states as a 

function of energy. The working principle is shown in the Figure 3.3 (b & c). The tip is kept fixed 

at a particular x-y position and a constant height is maintained by turning the feedback loop off. 

Then a sweeping voltage is applied and the corresponding I-V curve is recorded. the first derivative 

of this curve (dI/dV) - V is directly proportional to the local density of states of electrons in the 

region just below the tip. By setting N∗N grid points we spatially visualize the surface DOS by 

taking dI/dV at each grid point. 
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3.5 Atomic force Microscopy 

Atomic force Microscopy is a technique used to obtain the topography of a sample i.e. a description 

of the physical shape of the surface of the sample at the nano-scale. It works on the principle of 

measuring the interatomic force between the sample and the cantilever tip to describe the 

topography of the sample.  

 

 

 

 

 

 

Above figure 3.4 shows a schematic diagram of atomic for Microscope. As shown in the setup, 

there is cantilever attached to piezoelectric scanner. A sharp tip is attached to the one end of the 

cantilever which remain suspended over the sample. Any attractive or repulsive force experienced 

by the tip while scanning the surface changes the defection of cantilever lead change in direction 

of reflected laser beam on the   photo diode detector. The change in deflection on the detection act 

as feedback signal to piezoelectric scanner.  

The AFM operates in 2 modes: 

1. Contact Mode (Static mode): In this mode, feedback unit controller keeps the deflection 

constant by adjusting the height of the cantilever. Usually in this mode the force between 

the cantilever tip and the sample surface is repulsive. 

2. Dynamic mode (Tapping mode): In this mode, the cantilever oscillates at particular 

frequency in the range several kilohertz over the sample surface such that the cantilever 

experience small magnitude of force. The feedback loop keeps the oscillating frequency 

constant to maintain a constant interacting repulsive force between tip and sample surface. 

Figure 3.4: Schematic diagram of Atomic Force Microscope 
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All the atomic force microscopy experiment was done in the dynamic mode using Tap 190 

AL-G cantilever tip.(32) 
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Chapter 4 Characterization of Exfoliated MnPS3 

and CrSBr 

We characterized the exfoliated MnPS3 and CrSBr using compound microscope to estimate it the 

size and thickness of the flakes with help optical contrast with respect to substrate. Here we have 

exfoliated MnPS3 and CrSBr using clean room tape on to SiO2/Si substrate  then using Atomic 

force microscopy we determined the thickness of the those nanoflakes and Raman spectroscopy . 

All the Raman spectroscopy experiments were performed at room temperature Raman 

spectroscopic data were collected using a 532 nm excitation laser with a beam spot of 2 µm and 

laser power of 50 mW. Raman data were collected using 50x and 100x objective lenses for MnPS3 

and CrSBr respectively. We have also determined the composition of CrSBr using HR-TEM. 

4.1 MnPS3 characterization 

First we start by discussing the characterization of MnPS3 flakes. MnPS3 was exfoliated using blue 

clean room tape onto three different SiO2/Si substrate of different thickness (0nm SiO2, 90 nm 

SiO2 and 285nm SiO2).  

Thin flakes with broad range of color spectrum were observed as shown in the figure 4.1.   

 

 

 

 

 

To measure the colors of the MnPS3 flakes accurately, we utilized an image analysis software 

named ImageJ to extract the 8-bit RGB color values from optical images. Additionally, the height 

profile of the flakes was determined using a Nanosurf Atomic Force Microscope in Dynamic 

Mode. 

Figure 4.1: Exfoliated Sample of MnPS3 on (a) pure Si substrate (b) 90nm SiO2/Si substrate (c) 285 nm 

SiO2/Si Substrate  
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Figure 4.3 depicts the oscillation of RGB values as a function of thickness. We observed that the 

RGB values exhibit quasi-sinusoidal changes with thickness, with periodicities estimated to be 

approximately 113 nm for red, 100 nm for green, and 78 nm for blue amplitudes across all three 

substrates. Additionally, the peak-to-peak amplitude decreases with increasing thickness for each 

color value. The interference pattern was derived from data collected on various substrates, as 

illustrated in Figure 4.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Observed Thin film interference 

of MnPS3 on pure Si substrate, 90nm SiO2/Si 

substrate ,285 nm SiO2/Si Substrate 

Figure 4.3: Shows Red, Green, Blue channel oscillation and phase difference due to thickness of SiO2 
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The Optical contrast is low for few layers MnPS3 so to determine the number layers we obtained 

the height profile of the flakes and characterized them with Raman Spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: 1L(1.18nm) and 40L(27.17nm) MnPS3 on 285nm SiO2/Si 

Figure 4.5: MnPS3 1 Layers AFM image and height profile 

Figure 4.6: MnPS3 40 Layers AFM image and height profile 

a) b) 

a) b) 



35 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The figure below shows layer-dependent Raman characterization of MnPS3 flakes. 

 

 

 

 

 

 

 

 

 

Figure 4.7: MnPS3 4 Layers (a) Optical image, (b) AFM image and (c) height profile 

Figure 4.8: MnPS3 3 Layers (a) Optical image, (b) AFM image and (c) height profile 

Figure 4.9: MnPS3 Raman peaks 
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The characteristic Raman peaks of MnPS3 at P1 = 275.29 cm-1 (Eg) and P2 =383.64cm-1 (Ag) was 

observed which are previously reported. The monolayer shows no characteristic peaks whereas the 

bulk MnPS3 shows peaks at P1 and P2. There are also other peaks that reported   But in contrast, 

no peaks were observed for the 3 and 4-layer MnPS3. The peak P3 = 521cm-1 represent Raman 

peak of SiO2.(20) 

Increase in peak intensity and no peaks in few layer MnPS3 suggest , as the dimensionality 

increases the phonon normal modes are enhanced due increases in intra-layer coupling. 

 

4.2 CrSBr characterization 

4.2.1 Optical, AFM, Raman characterization of CrSBr 

CrSBr was exfoliated using blue clean room tape onto 285nm SiO2 as shown in the figure (4.8). 

Most of the thin flakes has rectangular shape. Length represents the a-direction and breadth 

represents b-direction of the CrSBr flakes.  

 

 

Identifying few layer CrSBr flakes directly from optical contrast is difficult. So, I have 

characterized the flakes based upon its height and Raman spectroscopy. 

Figure 4.10: Exfoliated Sample of CrSBr on 285nm SiO2/Si substrate 



37 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.13: (a) AFM image of 7L and 12L CrSBr (b) and (c) shows the height profile 

respectively 

Figure 4.11: (a) AFM image of 4L and 3L CrSBr (b) and (c) shows the height profile 

Figure 4.12: (a) AFM image of 20 L CrSBr (b) shows the height profile 

a) b

) 

 a) 

c

) 

 a) 
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The above figure 4.11, 4.12, 4.13 shows the AFM images and height profile thin CrSBr flakes. 

   

 

 

 

 

 

 

 

Figure 4.14: a) Shows the layer dependent Raman peaks b) The atomic displacements of the three 

Raman active Ag modes in 1L CrSBr, with two layers stacked to demonstrate interlayer coupling. 

The A1
g and A2

g modes are influenced by bromine atoms, facilitating vibrational interlayer coupling, 

while the A3
g mode exhibits minimal bromine contribution and consequently low interlayer 

coupling(33). c) Lorentzian fit for the 3L CrSBr shows the 3 Out of plane vibrational modes.  

a) b) 

c) 
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Figure 4.14 (a) shows the Raman peaks of the exfoliated CrSBr with 3, 4 ,7 ,12, 20 mono layers.  

All the three modes are out of plane vibrational modes. A1
g = 114 cm-1, A2

g = 244cm-1, A3
g = 344 

cm-1. It has been reported that A1
g and A3

g are polarized along b-axis whereas A2
g   is polarized 

along a-axis. Figure 4.12 b) shows the atomic displacement of atoms during vibration in 3 different 

normal modes. The A1
g and A2

g mode frequency are layer- dependent. With decreasing number of 

layers those two mode frequency decreases showing energy red shift where as the A3
g mode is 

layer independent. Bromine atoms, positioned within the outer layers of each covalently bonded 

monolayer, serve as mediators for the vibrational interlayer coupling among the layers. It is a 

common observation that Raman peaks exhibit stiffening as the layer number increases, 

attributable to heightened interlayer vibrational interactions leading to a large restoring force. This 

is particularly evident in the A3
g mode, which displays minimal change.(33) 

4.2.2 HR-TEM of CrSBr 

High resolution – Transmission electron Microscope used to characterize CrSBr crystal to find the 

vacancy concentration Figure 4.15 (a) shows the HR-TEM image of one of the exfoliated CrSBr 

nanosheets using the ultrasonication method in IPA solution. Using elemental mapping, 

stoichiometry of the CrSBr crystal was extracted and result of their concentration are shown in 

Figure 4.15 (b), Figure 4.15 (c) and Figure 4.15 (d). 

 

 

 

 

Elemental analysis of various flakes was conducted, a summarized table is shown in table 4.1. 

Typical CrSBr has Br vacancy and Cr concentration is as taken 1. But in our case, we found the 

empirical formula for the sample as Cr0.67S0.53Br shows high concentration of Cr and S vacancy is 

present along low concentration of Br vacancy.(34) 

Figure 4.15: HR-TEM and Elemental Mapping of Fe-intercalated CrSBr. (a) HR-TEM image of a 

typical CrSBr nanoflake. (b) Elemental mapping of Cr. (c) Elemental mapping of S.(d) Elemental 

mapping of Br. 
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Table 4.1: Elemental Mapping of CrSBr. The three column shows the atomic percentage of each 

element in CrSBr 
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Chapter 5 LT-STM and Instrumentation 

All STM measurements were performed in the Scientia Omicron Low-temperature ultra-high 

vacuum STM. The figure shows the setup. There are 3 main sections of the system: LT-STM 

Chamber, Preparation chamber and load lock Chamber, each operating at different vacuum 

pressure condition and separated by valves.  Samples and tips are moved across each chamber 

using a magnetic wobble stick. 

5.1 LT-STM Chamber 

LT-STM Chamber has two cylinders: lower cylinder and upper cylinder. The Lower cylinder is 

generally empty and the upper cylinder chamber has two coaxial cylinders equipped with a bath 

cryostat for liquid nitrogen (LN2) and liquid Helium (LHe) which enables the system to work over 

range of temperature (4.3K - 300K). Heater is present under the sample which works using 

feedback loop to maintain the temperature of the system at particular temperature. LT-STM 

chamber has a base pressure of 2 x 10-9 mbar can reach up to 10-11 mbar. For vibration isolation, 

the tip-sample assembly is attached to a sample holder that is suspended by a spring. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: (a) LT-UHV STM chamber (b) Preparation Chamber (c) Load Lock chamber 
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This spring has three positions  

(i) cooling position in which the assembly is in contact with cryostat for fast cooling.  

(ii) bake-out position is used during baking of the system.  

(iii) scanning position while taking measurements.  

 

 

 

 

      

 

 

5.2 Preparation Chamber and Load Lock Chamber 

All sample and tips are first transferred into the load lock chamber then using the mag probe, both 

sample and tip are transferred into the preparation chamber. Load lock chamber is maintained at 

atomic pressure to transfer the sample from air to load lock chamber. Then load lock chamber is 

brought to pressure of 10-7 mbar and then sample transferred to preparation chamber. The 

preparation chamber is equipped with a sputtering system for cleaning sample and resistive heater 

for annealing samples. It is also equipped with e-beam evaporator for in-situ sample deposition 

and a crystal cleaver for in-situ exfoliation of samples. The Prep chamber has a base vacuum of 

10-8 mbar. 

5.3 Sample plates and tip Holder 

Three-types plates are used in the system.  

1. Normal Sample plate for STM measurement shown in figure 5.2 (a). 

2. 4 probe sample plate for transport shown in figure 5.2 (b). It is transport sample plate with 

4 titanium contacts 

Figure 5.2: (a) Normal STM plate, (b) Four Probe Sample plate with Ti contact, (c) STM Tip 

Holder 

a) b) c) 
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3. Tip holder for STM tips shown in figure 5.2 (c). Tungsten tip is attached to the tip holder 

via magnet which is coupled to the piezoelectric scanner in the LT-STM chamber. 

 All sample plates are made up of Molybdenum. 

5.4 Vacuum Pumps 

There are 4 types of vacuum pumps attached to the system: Rotary pump, Turbo molecular pump, 

Ion pump, and Titanium sublimation pump (TSP).  The rotary pump creates a vacuum pressure of 

10-3 mbar after that turbo-molecular pump starts bring the system to vacuum pressure of 10-9 mbar. 

Next ion pump continues to maintain the pressure as turbo-molecular pump is switched off during 

the scanning to avoid noise. TSP pump is used occasionally to remove the adsorbents from inner 

surface of the chamber.  

LT-chamber is connected to one set of all four pumps and prep chamber is connected to second 

set of vacuum pumps. Load-lock chamber is only connected to rotary and turbo-molecular pump. 

Pressure gauge such as the Pirani gauge and ion gauge are used to monitor the pressure in Load 

lock (former) and LT-STM, Prep chamber (later) separately.    

5.5 STM Sample preparation 

The STM plate was first polished using high grade sandpaper to flat the surface and then sonicated 

in acetone and cleaned using IPA. CrSBr bulk Crystal was mounted on the STM sample plate 

using silver epoxy as a conducting adhesive material shown in the figure 5.3(a). Then it is curated 

at 150oC for 1.5 hours at vacuum of 10-6 mbar pressure to avoid sample degradation. Then the 

sample was exfoliated using highly adhesive green clean room tape, figure 5.3 (b and c) shows 

both un-cleaved and cleaved sample. The sample was transferred from load lock chamber to prep 

chamber then finally into LT STM chamber where all STM measurements were performed at base 

pressure 2 x 10-9 mbar and a temperature of 77K. 
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Figure 5.3: (a) Bulk Crystal on STM sample plate attached using silver epoxy, (b) Un-cleaved CrSBr 

crystal, (c) Cleaved CrSBr crystal.  
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Chapter 6 Defect Study on CrSBr 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

All the STM measurements on Bulk CrSBr were taken in LT-UHV STM at 77 K (sample is in 

antiferromagnetic phase) with Lock-in sensitivity 500 meV. Figure (6.1 a) shows an atomic 

resolution STM image taken on less defect region. Figure (6.1b) shows FFT of the rectangular 

lattice of Br atoms which lie on surface of CrSBr. The marked white circle peaks corresponds to 

the Bragg peaks of the Surface lattice. The Lattice Parameter calculated from the the FFT shows 

spacing a = 3.6 Å and b= 4.8 Å with angle 90o between those lattice vectors which matches with 

result reported other experiment shown in the figure (6.2). Figure (6.1c) Scanning tunneling 

spectra dI/dV in pristine area of CrSBr , showing band gap of approximately 1.32 eV which is near 

to previously reported data(29). The Fermi level is very close to the conduction band (EC-EF < 

200meV). The conduction band starts around 0.18eV and valence band around 1.14eV.(29) 

 

Figure 6.1: STM of CrSBr (a) STM topographic image (15x15 nm, V = -0.5V, It = 50 pA) of CrSBr surface. 

(b) FFT of the Image of figure (a), white circles show the Bragg Peaks. (c) dI/dV (V = -1.5 V, 700 pA) 

spectra taken on the defect free region shown in the image. 
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From the STS data above it is concluded that the CrSBr sample is intrinsic semiconductor nature 

with band gap of approx. 1.32eV having electrons as majority charge carriers. It has been reported 

that the bromine vacancies are the main for unintentional electron doping. This offered further idea 

for investigation of defects. 

6.1 Probing defects on CrSBr 

   

 

 

 

 

 

 

 

The above figure 6.3 shows the crystal structure of CrSBr (top view) showing different elemental 

vacancies (a) Bromine vacancy (b)Sulphur Vanancy (c) Cr vacancy. 

 

 

Figure 6.2: Height profile along ‘a’ and ‘b’ directions are shown with lattice parameter   

along a = 3.6 Å and b = 4.8 Å.  

Figure 6.3: Shows Crystal structure of CrSBr with (a) Bromine vacancy (b)Sulphur Vanancy (c) Cr vacancy 

a) b) 
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STM study of the vacancies was performed to identify and locate various type of defects in the 

CrSBr sample. CrSBr shows mainly three types of defects as shown above in the figure (6.4). The 

figure 6.4 (a) shows STM image of Br vacancy which identified by the small with dots . The 

calculated height difference with surrounding Br atom is 26 pm . The small defect region shows 

the Sulphur atom situated just below the  missing Br atom(35). There is also increase in the 

electronic contrast brightness around br vacancy along the b-axis and no such signature was seen 

along the a-axis (shown using increament in height 12pm near the vacancy). This provide evidence 

Figure 6.4: STM images of (a)Br vacancy (highlighted by small dots) (b) S Vacancy (highlighted 

by white circle) (c) Cr Vacancy and corresponding height profile along ‘a’ – axis and ‘b’- axis 
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that the b axis is easy axis for electron to flow while in the a-axis there is confinement of electrons 

showing signature of strong 2D electronic anistropy .(30) 

Figure 6.4 (b) shows the STM image of  Suphur vacancy (highlighted by white circle) . The 

calculated height difference shows that there is depression of 16pm and since missing S atom 

position is situated just below the Br atom ,there is no significant amplitude difference in the 

oscillation in height of bromine atom b ut Br atom has lower contrast with respect to surrounding 

bromine atoms. 

Figure 6.4 (c) shows a large defect area possibly Cr defects . Cr defect  creates high electronic 

contrast in the region as both Br and S atom attached to Cr atom are also missing. The calculated 

height difference is around average 180pm (on this defect only) .  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.5 shows the point STS spectra on 

Pristine, Br vacancy, S vacancy, Cr 

vacancy 
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The figure 6.5 shows the point spectra taken at pristine, Br vacancy, S vacancy and Cr vacancy 

area. Clearly from the above figure we can conclude that any type of defect will decrease the band 

gap in the sample. Br and Cr vacancy (approx. band gap 0.67 eV) shows high band gap reduction 

than that of the S vacancy. (Band gap 1.06eV) shown by shifting of valence band toward fermi 

level as compared to pristine region point spectra suggesting the defects does facilitate 

unintentional electron doping in the material. Experiment needs to be performed again at 

temperature 4K for proper determination of band gap.  

6.2 Spectroscopic Mapping of Defects 

 

 

 

 

 

 

 

 

 

Figure 6.6 shows the  LDOS map of defect region as shown above , bias ranging from -1V to 1V 

. There was no particular difference was noticed  in four of the LDOS map of bias of -1V , 1V , -

500mV , 500mV.  The local density of states is less in the defect region as shown in figure 6.6 

(b,c,d,e). But a different signature was noticed at -200mV and 200mV . From figure 6.6 (g) it can 

be concluded the LDOS of electrons is less defect area but in valence band  ( bias at-200mV) , an 

opposite LDOS contrast is observed. It can be explained as the defect region are forming spacially 

localised state at energy of -200meV that is not properly evident from STS data given in figure 

6.5. 

 

Figure 6.6: Spectroscopic Study of the defect region, (a) shows 30 x 30 nm STM topographic image 

(V=-1.5, I =300 pA), (b-g) shows the 30 x 30 nm LDOS map (V=1V, I=700pA) at bias -1V, 1V, -500mV 

,500mV, -200mV and 200mV 
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Chapter 7 Determining Optical band gap of Few 

Layers MnPS3 

In this chapter, we tried determine band gap of the thin flake MnPS3 using optical transmission 

and absorption spectrometry. All experimental data was obtained in collaboration with Prof. 

Ashish Arora’s lab.  

7.1 Experimental Setup  

 

  

 

 

 

 

 

 

 

 

Figure 7.1 (a) shows the experimental setup to measure the reflectance and absorbance of 2D van 

der Waal material thin flakes on sapphire substrate (which transparent in nature and gives good 

response for transmission spectra), Figure (b) 50x magnified sample (MnPS3 on sapphire 

substrate).  All the experiments were conducted in normal incidence mode using halogen white 

light (unpolarized light). For analyze optical response, a 300mm focal length Andor Kymera 

Spectrometer with 50 µm slit opening was used. During the experiment exposure time of 0.2s and 

100 accumulation steps were kept. 

Figure 7.1 Shows the Experimental setup to measure UV-Vis Spectrometry (b) Sample of MnPS3 on 

sapphire substrate 

a) 
b) 
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7.2 Theory for normal incidence on 2D material free standing sample 

and on substrate 

For free standing sample: A 2D material with a thickness of several nanometer such graphene can 

be considered as thin film. By using Transfer matrix, we will derive the equation for reflectance, 

transmittance and absorbance for 2D material at normal incidence.(36) 

 

 

 

 

 

Figure 7.2 shows thin film model of 2D material. Ea, Ha, and No represent the electric field, 

magnetic field, and complex refractive index of air, respectively. Meanwhile, N and d denote the 

complex refractive index and thickness of the thin film, respectively. Eb, Hb, and Nm stand for the 

electric field, magnetic field, and complex refractive index of the substrate. 

Applying boundary condition, electric field and the magnetic field vectors between the boundary 

a and b can be connected in matrix notation as given by equation below: 

 

 

 

Where δ is the phase thickness of thin film (δ = 2πNd/λ), d is thickness of thin film, λ is the 

wavelength and y (= H/E = NY) is optical admittance of 2D material and Y is optical admittance 

of free space. The Matrix on RHS part is known as the characteristic matrix. 

By normalizing, the electric and magnetic field vector we can write: 

 

Figure 7.2 Thin film Model for 2D material 
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Where ym is optical admittance of substrate. 

Considering δ very small because d/λ is less than 0.001 implies cos δ ~ 1 and sin δ ~ δ, the 

characteristic matrix can be simplified to: 

 

 

Then as shown in ref(37). Transmittance, reflectance and absorption of 2D material can be 

calculated by following equations (Fresnel equations): 

 

 

 

 

 

 

Setting No = Nm =1 the above equation can be written as: 

 

 

  

 

 

On substrate sample (normal incidence):  Setting No = 1 and Nm = ns (refractive index of substrate) 

the above equation can be written as: 
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7.3 Results and discussion: 

Following optical response plots were obtained for different MnPS3 flakes of different thickness 

and optical band gap was determined.  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3 Shows the optical response recorded for MnPS3 flake of different thickness. 

a) b)

) 

c)

) 

d)

) 
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Clearly evident from the above plots the transmission reaches 100 % at longer wavelengths and 

there is high absorption at 470 nm showing steep increase in absorbance. The steep increase in 

absorbance tells us photon energy of wavelength 470nm (E = 2.61 eV) get absorbed by electrons   

in MnPS3 and make electronic transition valence band to conduction band providing information 

about material optical band gap.(38–40) The optical band gap found our case: 

I. for 12.47nm, Eg = 2.77 eV   III. for 21.05nm, Eg = 2.67 eV 

II. for 17 nm, Eg = 2.73 eV   IV. for 30.12nm, Eg = 2.69 eV 
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Chapter 8 Conclusion and Future Plans 
 

Summary of the Work 

In this thesis, two van der Waals antiferromagnetic semiconductor material namely MnPS3 (Eg = 

2.64eV) and CrSBr (Eg = 1.5 eV) were explored and studied because their different electronic and 

magnetic properties. MnPS3 and CrSBr were characterized using Optical microscope, atomic force 

microscope and Raman spectroscopy. MnPS3 optical band gap was determined using UV-vis 

spectrometry and using STM, defects on CrSBr were probed. 

MnPS3 was exfoliated on 3 different substrate (SiO2/Si thickness 0nm ,90nm ,285nm) showing 

wide range thickness-based color which was quantified using ImageJ software. Thickness of each 

flake was determined using atomic force microscopy and interference pattern was generated. 

Raman Spectroscopy was performed on MnPS3 few layers, shows 2 main peaks at   P1 = 275.29 

cm-1 (Eg) in-plane vibration method and P2 =383.64 cm-1 (Ag) out of plane vibration method. No 

peaks were observed on few layers 1L, 3L, 4L MnPS3 (41,42). We then using UV-VIS 

spectrometry, optical response of MnPS3 was measured. From the plot we determined the optical 

band gap of MnPS3 which nearly equal to 2.69 eV(43).  

CrSBr was exfoliated on 285nm SiO2/Si substrate and few layers were identified using optical 

contrast. Atomic force microscopy was performed on those thin crystal flakes for proper 

determination of thickness. Raman Spectroscopy was performed on those thin flakes of CrSBr, 

giving 3 intensity peaks at A1
g = 114 cm-1, A2

g = 244cm-1, A3
g = 344 cm-1, all are out of the plane 

Raman peaks.  HR-TEM was performed on CrSBr crystal shows the composition Cr0.67S0.53Br 

showing that the there is a higher concentration Cr and S vacancy than Br vacancy in the sample. 

STM measurements were performed on Bulk CrSBr at 77K. Best topography image was obtained 

at V = -0.5V and It = 50pA with lattice parameter a = 3.6 Å and b = 4.8 Å with angle of 90o between 

a and b direction. A detailed study was done on defects on CrSBr. Defects were located and STS 

was performed on pristine area as well as on defect regions (V = -1.5V, It = 700pA). Pristine area 

shows band gap of approximately 1.32eV which near to reported data of 1.5 eV. The fermi level 

is found to be near the conduction band which implies the CrSBr is intrinsic electron doped 

semiconductor. In the defect region both electronic contrast and band gap decreases compared to 
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pristine region shown by shifting of valence band toward fermi level suggesting the defects does 

facilitate unintentional electron doping in the material.  LDOS mapping was done in defect region 

shows formation spatially localized state at bias -200meV which not properly evident by STS data 

taken. This might cause due thermal broadening of the peak at 77K so all the STM and STS 

experiment need performed at 4K.  

New Advancement made in field of condensed matter   

In thesis, STM measurements were performed on CrSBr in its antiferromagnetic phase at 77K. A 

thorough study was done the defects on CrSBr and results gave us meaningful insight into the 

defects characters and its role played in making the CrSBr an electron doped material which has 

been proposed previously(29,30,44). This study will be useful understand electronic correlation in 

pristine CrSBr region and also in defect regions providing deeper understanding physics of the 

materials. 

Optical Image provides a direct method to determine thin flake MnPS3. Exfoliated sample of 

MnPS3 showed wide range color variation with respect to thickness. This variation of colour has 

been quantified showing quasi-periodic oscillatory behavior which is helpful direct identification 

the thickness of flake. Optical absorbance measurement was performed on thin flake MnPS3 to 

understand the light matter interaction at room temperature. 
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Future Plans 

STM measurements need to be performed at 4K. Line spectra along a and b direction need to 

analyzed. Point Spectra on defects are needed analyzed properly. Need to identify mid gap states 

in defect region using STS measurements. By forming graphene/hBN/CrSBr heterostructure we 

tune gate voltage and increase electron concentration in CrSBr which then can be used as sample 

to be study under STM to understand the effect gating in local region around defects. Temperature 

dependent -transport experiment on CrSBr need to be performed to understand the electronic 

anisotropy of the material.  Band gap determination using transport measurements still has not 

been conducted yet which need to be performed. 

Few layers MnPS3 refractive index yet to be obtained from optical response data at room 

temperature and at low temperature under TN = 78K. By analyzing the optical absorbance at room 

temperature and under low temperature for thin flakes  
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